Magnetic-field-induced phase transitions were studied with a two-dimensional electron AlGaAs/GaAs system. The temperature-driven flow diagram shows the features of the Γ(2) modular symmetry, which includes distorted flowlines and shiftted critical point. The deviation of the critical conductivities is attributed to a small but resolved spin splitting, which reduces the symmetry in Landau quantization. [B. P. Dolan, Phys. Rev. B 62, 10278.] Universal scaling is found under the reduction of the modular symmetry. It is also shown that the Hall conductivity could still be governed by the scaling law when the semicircle law and the scaling on the longitudinal conductivity are invalid.
Landau bands are well-separated and have no coupling among the Landau bands. When the spin splitting is small but is resolved, the two Landau bands with the same cyclotron energy are separated only by a small spin gap. The coupling between the two spin states reduce the modular symmetry from Γ 0 (2) to Γ(2) [9, 10] . With the reduction in symmetry, the particle-hole and Landau-level addition transformation should be modified to [9] σ xx (2 − ν) ↔ σ xx (ν), σ xy (2 − ν) ↔ 2e 2 /h − σ xy (ν) (1) σ xx (ν + 2) ↔ σ xx (ν), σ xy (ν + 2) ↔ σ xy (ν) + 2e
Here ν is the filling factor, and σ xx and σ xy are the longitudindal and Hall conductivities, respectively. The main difference between the Γ 0 (2) and the Γ(2) symmetry is that although derivation of the semicircle law from the duality is still valid, the critical point in the cross over between two Hall plateaus or between quantum Hall and insulating states is no longer fixed by the duality. In the Γ 0 (2) group, the critical point is fixed at the center of the semicircle in the complex σ plane, but the critical point in the Γ(2) group can be in any point on the semicircle. In addition, the reduction of the symmetry also results in the distortion of the temperature driven flow diagram.
In this paper, we report magnetotransport study on the gated 2DES in an AlGaAs/GaAs heterostructure. The temperature-driven flow diagram with the features due to Γ(2) symmetry are observed when the transition is between two states separated by small spin-splitting.
Universal scaling is observed under the reduced symmetry, and it is found that the scaling on σ xy is more robust than that on σ xx . On the other hand, the feature of Γ 0 (2) symmetry is observed in the low-field P-P transition where the spin splitting is unresolved and the transition are between Landau levels with different indices.
The sample used in this study was grown by molecular beam epitaxy. 10×GaAs/AlAs
(1 × nm), an undoped GaAs layer (500 nm), an undoped Al increasing B, plateaus of filling factor ν=4, 2, and 1 appear successively. Between two adjacent QH plateaus, the 2DES undergoes P-P transitions. Since there is no QH state of the odd filling factor ν=3 between ν=4 and ν=2 QH states, spin-splitting is unresolved in the transition separating ν=4 and 2 QH states. Such a transition is a spin-degenerate P-P transition. On the other hand, the ν=1 QH state due to the spin gap appears at higher B, and the P-P transition between ν=2 and 1 QH states is a transition between two closely spaced spin state. As reported in Ref. [17] , the sample undergoes an I-QH transition at B=14.7 T to leave the ν=1 QH state and enter the insulating phase. For convenience, we denote such an I-QH transition as the 1-0 transition, where the number "0" presents the insulating phase. In the following, we denote P-P transition by the filling factors of its adjacent QH plateaus. Thus we observed the 4-2, 2-1, and 1-0 transitions with increasing
B.
Fig .2 shows the curves of the conductivities σ xx and σ xy obtained from ρ xx and ρ xy by
in the 2-1 transition. At B=5.49 T, both σ xx and σ xy are T -independent and it is the critical magnetic field, B 2−1 , for the 2-1 transition. The experimental flow diagram for such a transition is shown in Fig. 3 , in which each solid line corresponds to the T -driven flow line at a magnetic field and the dash dot line is the trace σ xx (σ xy ) at T =0.31 K, the lowest temperature in our study. In the conventional flow diagram for the Γ 0 (2) group, the transition point is expected to be located at the center of the semicircle, and the T -driven flow lines flow in different directions for B > B 2−1 and B < B 2−1 . In addition, the flow lines are symmetrical with respect to the vertical line passing through the center of the semicircle.
However, we could see in Fig. 3 that although the semicircle relation is still valid, as could be seen from the nice semicircle that satisfies the relation
the transition point, denoted by Q in the figure, is not located at the top of the semicircle.
Although the flow lines at two sides of Q do flow to opposite directions, starting from point A, at which σ xy > 1.5e 2 /h, the flow line moves toward to the point (e 2 /h,0) rather than (2e 2 /h,0) with decreasing T , namely, the temperature-driven flow lines are distorted.
Clearly, the 2-1 transition we observed has the properties of the Γ(2) group: valid semicircle relation, system-dependent transition point, and distorted flow diagram.
At low T , magnetic-field-induced phase transitions are expected to follow the twoparameter scaling such that both σ xx and σ xy (or ρ xx and ρ xy ) are functions of the scaling parameter. [6, 9, 10] Figure 4 shows the curves of σ xx and σ xy at different temperatures with respect to the scaling parameter s ≡ (ν − ν 2−1 )/T κ with κ = 0.4, where ν 2−1 is the filling factor at B 2−1 . We could see in this figure that the curves of σ xy at different T collapse into a single curve and hence σ xy is a function of the scaling parameter in the whole transition region. However, we found that although the curve σ xx collapse nicely for ν > ν 2−1 , they do not merge together for (ν − ν 2−1 )/T κ < −0.017. When the scaling on σ xx fails, we found that the T -driven flow lines are away from the semicircle with increasing T . For example, the flow line reaches point C at T =0.94 K in Fig. 3 . It is shown that in the effective Lagrangian that determines the properties at the critical points, σ xy and σ xx are coefficients of the topological and kinetic terms, respectively. [11, 18] The topological term is an important quantity to construct the phase diagram of the quantum Hall effect [18, 19] , and it has been
shown that the critical point in σ xy is more robust that that in σ xx with respect to the temperature T [20] . Our study shows that the universal scaling on σ xy can remain correct when the T -driven flow lines do not follow the semicircle law and the scaling on σ xx is invalid, and supports the claim that σ xy is more robust that that in σ xx with respect to the temperature
With increasing B, as reported in Ref. symmetry. The deviation on such a point, however, might either be due to the inappropriate conversion form resistivities to conductivites or the reduction of modular symmetry. [9] In the 1-0 transition reported in Ref.
[21], the features of Γ(2) symmetry are removed by renormalizing ρ xx [9, 22] . To further investigate the 1-0 transition, it is noted that the particle-hole transformation is generalized as in Eq. (1) if the modular symmetry is reduced to Γ(2). Under the generalized particle-hole transformation, the flow diagrams for the 2-1 and 1-0 transitions are symmetric with respect to the vertical line σ xy = e 2 /h.
[22] We can see in Figs. 5 and 3 that σ xy < 0.5e 2 /h at Q ′ while σ xy > 1.5e 2 /h at Q, and the value of σ xx are close at these two points. Therefore, the flow diagrams have the feature of generalized particle-hole transformation, which indicates that the 1-0 transition follows Γ(2) symmetry.
Using the dissipation equation [23] , we estimated that the spin splitting in our sample is about 0.04 of the cyclotron energy from the value of ρ xx at T =0.94 K and 0.68 K at B=9.8 T, where ρ xx (B) reaches its minimum in the ν=1 QH state. Such a value is larger than the ratio of the bare spin gap to cyclotron splitting in the 2D GaAs system, which indicates the importance of the exchange enhancement on Zeeman spin splitting. [15, 16] In Ref. To study the reduction of modular symmetry due to the small spin gap, the spin splitting has to be resolved enough to separates Landau bands. On the other hand, the splitting also has to be so small that there exists coupling between two Landau bands separating by a spin gap. If the splitting is so large that the coupling can be ignored, we should observe spinresolved transitions governed by Γ 0 (2) symmetry just as in the report of Shahar et al. [1] .
But if the spin splitting is too small and is unresolved, all (spin-degenerate) Landau bands are evenly separated and there should be no reduction of modular symmetry. Therefore, it is uneasy to observe Γ(2) symmetry. At low fields, as mentioned above, there is no QH state of the odd filling factor in our study and thus the spin splitting is unresolved. In Fig. 1 we could observe the 4-2 transition, which is a spin-degenerate transition. At the critical field B 4−2 of such a transition, ρ xx and ρ xy should equal 0.1h/e 2 and 0.3h/e 2 if the semicircle law is vald and the unstable point in the σ xy -σ xx plane is at the top of the semicircle. Although in the ν=4 QH state ρ xx does not approach zero in our study, the quantum interference leading to QH states can still induce plateaus in ρ xy .
[25] In our study, we can identify B 4−2 =2.46 T at which ρ xy is T -independent while in ρ xx there is no well-defined T -independent point. In h/e 2 . Therefore, the universality of critical Hall resistivity is valid in such a spin-degenerate transition, and the symmetry is the Γ 0 (2) symmetry.
In conclusion, we performed magnetotransport studies on a gated 2DES in an Al- The dash-dot line labels the critical point at the field B 2−1 =5.49 T. 
